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Abstract: Recent discoveries of intrinsic two-dimensional (2D) ferromagnetism in 
insulating/semiconducting van der Waals (vdW) crystals open up new possibilities for 
studying fundamental 2D magnetism and devices employing localized spins1–4. However, a 
vdW material that exhibits 2D itinerant magnetism remains elusive. In fact, the synthesis of 
such single-crystal ferromagnetic metals with strong perpendicular anisotropy at the 
atomically thin limit has been a long-standing challenge. Here, we demonstrate that 
monolayer Fe3GeTe2 is a robust 2D itinerant ferromagnet with strong out-of-plane 
anisotropy. Layer-dependent studies reveal a crossover from 3D to 2D Ising ferromagnetism 
for thicknesses less than 4 nm (five layers), accompanying a fast drop of the Curie 
temperature from 207 K down to 130 K in the monolayer. For Fe3GeTe2 flakes thicker than 
~15 nm, a peculiar magnetic behavior emerges within an intermediate temperature range, 
which we show is due to the formation of labyrinthine domain patterns. Our work introduces 
a novel atomically thin ferromagnetic metal that could be useful for the study of controllable 
2D itinerant Ising ferromagnetism and for engineering spintronic vdW heterostructures5. 
 
 
 
  
Main Text 
Bulk crystalline iron germanium telluride (Fe3GeTe2, or FGT, see Fig. 1a) is an itinerant 
van der Waals (vdW) ferromagnet with a reasonably high Curie temperature (TC) of about 220-
230 K6–10. In addition to a large out-of-plane anisotropy8, evidence for strong electron correlation 
effects11 and Kondo lattice physics12 has been seen recently. Encouragingly, first-principles 
calculations indicate that the large perpendicular magnetic anisotropy will persist down to a 
monolayer13, supporting the possibility of sustaining long-range magnetic order in the two-
dimensional limit14. In fact, anomalous Hall effect (AHE) measurements on epitaxially grown FGT 
thin fims9 have revealed only a slight reduction of TC from that of the bulk, further supporting the 
likelihood of anisotropy-stabilized long-range ferromagnetic order in ultrathin FGT flakes. The 
combination of these desirable properties makes FGT a promising candidate for exploring, for the 
first time, itinerant ferromagnetism in a truly 2D form.  
 In this work, FGT flakes down to the monolayer limit were prepared by mechanical 
exfoliation from bulk crystals. The magnetic order was probed with both magneto-transport and 
Kerr rotation measurements. For the former, we cleaved FGT bulk crystals onto 285 nm SiO2/Si 
substrates and patterned the resulting exfoliated thin flakes into Hall bars using electron beam 
lithography (see Methods). Atomic force microscopy (AFM) measurements on a stepped FGT 
flake show the layer step height to be ~0.8 nm (Fig. 1b), consistent with X-ray diffraction 
measurements8. The thinnest flake we could obtain by exfoliation onto SiO2/Si was 4.8 nm, i.e., 6 
layers. For even thinner samples, we cleaved FGT bulk crystals onto a gold film evaporated on top 
of SiO2/Si. As demonstrated with other materials including MoS215–17 and Bi2Te315, the gold 
substrate gives an increased yield of atomically thin flakes. However, the magnetic order in such 
samples can only be characterized by optical methods. 
 We first examine the magnetic properties of FGT thin flakes through magneto-transport 
measurements. Figure 1c shows the temperature-dependent longitudinal resistance, Rxx(T), of a 
representative 12-nm FGT Hall bar device (optical micrograph in upper-left inset). At ~210 K, the 
kinks in both Rxx and its first temperature derivative (lower-right inset) are characteristic of the 
established phase transition from paramagnetism to ferromagnetism. The Hall resistance, Rxy, 
shown in Fig. 1d, shows rectangular hysteresis loops with near-vertical jumps at low temperatures 
as a function of external magnetic field, µoH, applied perpendicular to the sample plane, with the 
coercive field reaching 1 T at 2 K. This indicates the domination of the anomalous Hall effect with 
a single magnetic domain over the entire flake. Together with the large remanent Rxy at zero field, 
these are hallmarks of ferromagnetism with strong out-of-plane anisotropy. The remanent Rxy and 
coercive field vanishes at around 210 K, consistent with the kinks in Fig. 1c (see S1 for additional 
magneto-transport measurements). These transport measurements show that the itinerant 
ferromagnetism exhibited in bulk crystals6–8 and in MBE grown samples9 persists in thin exfoliated 
FGT flakes. 
To study truly 2D itinerant ferromagnetism, we investigated FGT flakes down to the 
monolayer limit on the gold substrates (see Fig. S2 for optical and AFM images). We employed 
both polar reflective magnetic circular dichroism (RMCD) and magneto-optical Kerr effect 
(MOKE) microscopy to examine the out-of-plane magnetic order (see Methods). The magnetic 
field was applied perpendicular to the sample and the excitation laser was a 1-µW 633 nm HeNe 
with a spot size of 3 µm. Figure 2a shows the RMCD signal of a monolayer (false-color optical 
micrograph in inset) as µoH was swept between ±0.2 T at 78 K. Remarkably, ferromagnetism 
persists, as evidenced by the prominent hysteresis seen here. A spatial map of the RMCD intensity 
at 0.2 T (Fig. 2b) also reveals the magnetization to be uniform across the entire monolayer flake.  
Figure 2c shows RMCD measurements as a function of magnetic field for several fixed 
temperatures. As the temperature increases, the hysteresis loop shrinks, disappearing at about 130 
K. The same behavior was observed for all four monolayers measured and implies that TC, the 
temperature at which the ferromagnetic phase transitions to the paramagnetic phase, is about 130 
K for monolayers. The TC can also be extracted from a temperature dependence of the remanent 
RMCD signal (blue circles in Fig. 3). The onset of magnetization in the monolayer flake clearly 
occurs at around 130 K, a substantial decrease from the bulk value but nevertheless significantly 
higher than that the transition temperatures seen in exfoliated ferromagnetic monolayers of CrI3 
(45 K)1 and bilayers of Cr2Ge2Te6 (30 K at 0.075 T)2. 
On FGT flakes of up to five-layers, the dependence of TC on number of layers is consistent 
with a dimensional crossover taking place between the atomically thin limit and the bulk crystal. 
In Fig. 3, we compare the temperature dependence of the remanent RMCD signal for monolayer, 
bilayer (dark green), trilayer (light green), four-layer (orange), and five-layer (red) flakes. For four 
and five layers, the TC is only slightly below the 3D value of around 220 K. In contrast, for fewer 
layers, the TC sharply declines, dropping to 180 K in the bilayer and 130 K in the monolayer. This 
behavior resembles the thickness-dependent TC associated with dimensional crossover observed 
in ultrathin magnetic metal systems18,19. 
Such a crossover can be confirmed by finding the critical exponent, β, associated with the 
temperature dependence of the magnetization18–20. For each sample, we fitted the remanent RMCD 
signal to the critical power-law form (1 − 𝑇/𝑇&)(  using β and TC as two simultaneous fitting 
parameters. The values of β obtained are plotted versus thickness in the inset to Fig. 3, including 
results from thicker flakes up to 18 nm (see Fig. S3). (Note that in these ultra-thin flakes there is 
usually only a single magnetic domain.) For the thicker flakes, 𝛽 is in the range 0.25 – 0.27, 
compared with the values of 0.327 (ref. 21) and 0.25 (ref. 7) reported for bulk crystalline FGT and 
the 3D Ising value of 0.33. For thinner flakes, β falls to 0.2 ± 0.02 in five- to bilayer flakes, and to 
0.14 ± 0.02 in the monolayer, consistent with β = 0.125 for the 2D Ising model. 
In the few-layer samples, the deviation from the 3D Ising exponent could be due to finite 
sample size19,22, limitations on temperature control (about ±1 K in our experiment), and the fact 
that the fits are performed over a relatively wide temperature range exceeding the width of the 
critical region. A crossover from 3D to 2D critical behavior should also occur as a function of 
reduced temperature on a scale set by the sample thickness, which makes fitting to a single power 
law invalid. Nevertheless, the substantial reduction of β to the 2D Ising value and the 
accompanying large drop in TC, combined with the large out-of-plane anisotropy, altogether 
indicate that FGT monolayers are truly 2D itinerant Ising ferromagnets. 
The atomically-thin flakes discussed so far exhibited rectangular hysteresis loops, 
indicative of single-domain, highly anisotropic out-of-plane ferromagnetic ordering. However, for 
thicker FGT flakes, the hysteresis behavior changes notably. Figures 4a&b compare magnetic field 
sweeps at the same fixed temperatures for a 3.2 nm (four-layer) flake and a 48 nm flake. (See S4 
for measurements on other thicknesses). The 3.2-nm flake exhibits a rectangular hysteresis loop at 
all temperatures below TC = 204 K, while above TC the hysteresis and remanent RMCD signal 
vanish. In contrast, the hysteresis loop of the 48-nm FGT flake is only rectangular below 185 K, 
while paramagnetism sets in, with vanishing hysteresis, above TC ~210 K. However, within an 
intermediate temperature range (185 – 210 K), the hysteresis loops differ from that of either state. 
When the field is swept upwards starting at -1 T, the RMCD signal suddenly jumps from the 
saturation value to an intermediate level at a certain magnetic field Bin (see the grey arrow in Fig. 
4b as an example). The RMCD then changes roughly linearly, passing through zero at zero field, 
and finally saturates at high positive field. The time-reversed process does the opposite, as 
expected. As temperature increases, the magnitude of Bin increases until it merges with the 
saturation field at TC. AHE measurements show exactly the same behavior (Fig. S5). 
A possible explanation for this behavior is the formation of domain structures that are 
unresolvable through our optical measurements. Bulk crystal FGT exhibits stripy and bubble-like 
domains10,23,24. On the other hand, Co/Pt multilayer films with low disorder25 show similar 
hysteresis loops to those in Fig. 4b, known to be due to the formation of labyrinthine magnetic 
domains. Theoretical calculations for these magnetic films have reproduced the experimental 
results remarkably well, accurately predicting the domain size for a given film thickness and the 
critical thickness at which the domains appear26,27. The striking similarities to our observations 
suggests that labyrinthine domains are involved.  
To confirm this, we performed magnetic force microscopy (MFM) on a ~340-nm thick 
flake at several fixed magnetic fields (Fig. S6). Figure 4c shows the MFM image at zero magnetic 
field and 170 K, clearly revealing labyrinthine domains, which appear suddenly when the field is 
reduced through |Bin| (Fig. S6d). A line cut along the black dashed line in Fig. 4c shows domain 
widths of ~200 nm (Fig. 4d). We deduce that the RMCD signal, with a beam spot size of ~3 µm, 
averages over the out-of-plane magnetization contributions from many domains. The behavior in 
Fig. 4b is therefore due to the appearance of domains at |Bin| followed by their gradual evolution, 
giving a steady rate of net magnetization change, until the saturation field is reached, and the 
sample returns to a uniform magnetization state. The similarity with the Co/Pt multilayer films 
further supports the conclusion that FGT is a low-disorder metal with out-of-plane 
ferromagnetism25.  
Figure 4e is a thickness-temperature phase diagram for the three distinct magnetic states–
paramagnetic (PM), single-domain ferromagnetic (FM1), and labyrinthine-domain ferromagnet 
(FM2), compiled from all samples of different thicknesses. Below ~15 nm, there is only a 
ferromagnetic to paramagnetic transition at a single temperature TC. Above the same thickness, 
labyrinthine domains occur in a temperature range from Tc1 (lower) to Tc2	  (upper). According to 
modeling27, this temperature-driven magnetic domain formation implies a decrease of the ratio of 
the strength of out-of-plane anisotropy to that of exchange interactions as the temperature increases. 
 In summary, the van der Waals layered magnet FGT provides a model system for layered 
itinerant ferromagnetism, showing various layer-number dependent magnetic phenomena. 
Monolayers of FGT exhibit true 2D Ising ferromagnetism and could potentially be electrically 
gated to allow tuning of the magnetic properties. Fe3GeTe2 could also be employed for 
ferromagnetic contacts for injecting spins to other 2D materials, such as topological insulators, 2D 
valley semiconductors, and 2D superconductors, for the creation and investigation of emerging 
physical phenomena and heterostructure spintronics. 
  
Methods  
Crystal Growth and Characterization: Bulk single-crystals of Fe3GeTe2 were grown by the 
chemical vapor transport method using iodine as a transport agent7.  Elemental powders of high 
purity Fe (99.998%), Ge (99.999%), and Te (99.999%) were weighed out in stoichiometric ratios 
of 3:1:2 and cold pressed into a single pellet.  This pellet was then placed along with 2 mg/cm3 of 
solid I2 into a quartz tube which was evacuated of air and brought to 15 millitorr argon atmosphere 
before sealing.  The sealed tube was then set in a temperature gradient of 750/650° C for one week, 
with the starting materials placed at the hot end.  Single crystals precipitated on the cold end of the 
tube.  We performed energy dispersive X-ray spectroscopy (EDS) on crystal in order to determine 
the molar ratio of the grown crystals, which averaged over multiple samples to be 3:1.1:1.9. 
Sample Preparation: For magneto-transport, RMCD, and MOKE measurements, Fe3GeTe2 
crystals were cleaved inside an inert gas glovebox (oxygen and water vaper levels below 0.5 ppm) 
and deposited directly onto 285 nm SiO2/Si substrates. Thin flakes (5-300 nm thick) were 
identified based on their optical contrasts and their thicknesses confirmed through atomic force 
microscopy (AFM). Devices were formed from these flakes by patterning and evaporating V/Au 
contacts in a Hall bar geometry through standard electron-beam lithography procedures and 
electron-beam evaporation. 
Since the yield of atomically thin flakes (thinner than 5 nm) is significantly low on SiO2 substrates, 
we first evaporated 5/12 nm V/Au films on top of the 285 nm SiO2/Si substrates and exfoliated 
Fe3GeTe2 on these films. Atomically thin flakes down to a monolayer were identified and 
confirmed through AFM, which were then studied through RMCD/MOKE microscopy. 
Electrical Measurements: All magneto-transport measurements were carried out in a Quantum 
Design PPMS (DynaCool) cryostat with temperatures down to 2 K and magnetic fields of up to 9 
T. A constant 1 µA AC current at 13 Hz was applied for all Hall measurements. 
MOKE and RMCD Measurements: A material that exhibits a non-zero magnetic moment may 
also display magnetic circular birefringence (MCB) and magnetic circular dichroism (MCD), with 
the former leading to an overall phase difference between right-circularly polarized (RCP) light 
and left-circularly polarized (LCP) light and the latter resulting in an amplitude difference between 
RCP and LCP. When linearly polarized light, an equal superposition of LCP and RCP light, 
reflects off this magnetic material, the linear polarization rotates through an angle known as the 
Kerr rotation from MCB and becomes elliptically polarized from MCD. These are known as the 
magneto-optical Kerr effect (MOKE) and reflective magnetic circular dichroism (RMCD), 
respectively. 
MOKE and RMCD measurements were performed in a closed-cycle helium cryostat with a 
temperature range from 15-300 K and an out-of-plane magnetic field of up to 7 T. A power-
stabilized 633 nm HeNe laser of about 1 µW was focused to a 3 µm beam spot on the sample at 
normal incidence. The optical setup follows closely to previous MOKE measurements on CrI31. 
RMCD measurements were taken with the analyzing polarizer removed and with the lock-in 
amplifier set to the PEM frequency. 
MFM: The MFM experiments were carried out in a homemade cryogenic atomic force microscope 
(AFM) using commercial piezoresistive cantilevers (spring constant k ≈ 3 N/m, resonant frequency 
f0 ≈ 42 kHz). The homemade AFM is interfaced with a Nanonis SPM Controller using a phase-
lock loop (SPECS). MFM tips were prepared by depositing a 150-nm Co film onto bare tips using 
e-beam evaporation. MFM images were taken in a constant height mode with the scanning plane 
~160 nm above the sample surface. The MFM signal, the change of the cantilever resonant 
frequency, δf, is proportional to the out-of-plane stray field gradient. 
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Figure 1 | Structure and transport characterization of thin Fe3GeTe2 (FGT) flakes. a, Side view 
of the atomic lattice of bilayer FGT. Each colored ball represents iron (red), germanium (yellow), 
and tellurium (purple). b, AFM (main) and optical (upper right inset) images of a representative thin 
FGT flake on 285 nm SiO2. The scale bar is 3 µm. The lower-left inset shows a line cut along the 
white dashed line where a monolayer step of ~0.8 nm can be seen. c, Temperature dependence of the 
longitudinal resistance of a representative FGT device (12-nm thick). The upper-left inset shows an 
optical image of the Hall-bar device. The scale bar is 5 µm. The bottom-right inset shows the first 
derivative of the longitudinal resistance as a function of temperature. The red arrows show where the 
ferromagnetic-paramagnetic transition occurs. d, Temperature-dependent magnetic field (out-of-
plane) sweeps of the Hall resistance measured on the 12-nm thick FGT device. 
 
	   	  
Figure 2 | RMCD measurements of a monolayer FGT. a, Polar RMCD signal for a monolayer 
FGT measured at 78 K. The inset is an optical image of the sample. b, RMCD map at µoH = 0.2 T of 
the same sample at 78 K. The inset is an AFM image. The scale bar is 3 µm. The white arrows in a 
and b point to the monolayer flake. c, Magnetic field sweeps for the same sample at a range of 
temperatures passing through TC ~ 130 K. The coercive field and remanent magnetization decreases 
as the temperature increases, until at 130 K both vanish.  
 
 
	  Figure 3 | Criticality analysis for FGT flakes of different thicknesses. The main panel shows the 
remanent RMCD signal as a function of temperature for a sequence of selected few-layer flakes (blue: 
monolayer; dark green: bilayer; pale green: trilayer; dark yellow: 4-layer; red: 5-layer). The error 
bars correspond to the standard deviation of the noise in the RMCD signal. The solid lines are least-
squares criticality fits of the form: 𝛼 1 − 𝑇/𝑇+ (. Inset: derived values of the exponent b plotted as 
a function of thickness, indicating a dimensionality crossover from 3D to 2D Ising ferromagnetism. 
The dotted line denotes β = 0.125, the critical exponent for the 2D Ising model. The error bars indicate 
the standard deviations in the least-squares fitting. Additional fits of b for the 9-, 12- and 18-nm 
flakes are in Fig. S3. 
 
 
	  Figure 4 | Intermediate magnetic states and thickness dependent phase diagram of FGT. a-b, 
Comparison of RMCD sweeps for FGT of (a) 3.2-nm and (b) 48-nm thick. In the 200 K data in (b), 
the gray arrow indicates the sudden jump in RMCD at -Bin as described in the main text, and the 
black dashed vertical and horizontal lines denote zero magnetic field and zero RMCD signal 
respectively. c, Magnetic force microscopy (MFM) image of a 340-nm thick FGT at 170 K, 
performed at µoH = 0 T, showing labyrinthine domain structures. The scale bar is 5 µm. d, Line cut 
along the white dashed line in c, from which the domain size is identified to be ~200 nm. The 
detuning frequency from the AFM tip frequency, δf, is proportional to the out-of-plane stray field 
gradient. e, Compiled thickness-temperature phase diagram. Here, PM denotes the region in which 
the flake is paramagnetic, FM1 when the flake is ferromagnetic with a single-domain, and FM2 when 
the flake exhibits labyrinthine domains. The error bars are the uncertainties in determining the 
transition temperatures, TC, Tc1, and Tc2, based on the temperature-dependent RMCD or AHE 
measurements of each flake thickness. The red dashed line denotes the critical thickness at which the 
dimensional crossover occurs. See text for details of the phase diagram.  
